Abstract: A key question for the understanding of photosynthetic water oxidation is whether the four oxidizing equivalents necessary to oxidize water to dioxygen are accumulated on the four Mn ions of the oxygenevolving complex (OEC), or whether some ligand-centered oxidations take place before the formation and release of dioxygen during the S 3 f [S 4 ] f S 0 transition. Progress in instrumentation and flash sample preparation allowed us to apply Mn K X-ray emission spectroscopy (K XES) to this problem for the first time. The K XES results, in combination with Mn X-ray absorption near-edge structure (XANES) and electron paramagnetic resonance (EPR) data obtained from the same set of samples, show that the S 2 f S 3 transition, in contrast to the S 0 f S 1 and S 1 f S 2 transitions, does not involve a Mn-centered oxidation. On the basis of new structural data from the S 3 -state, manganese µ-oxo bridge radical formation is proposed for the S 2 f S 3 transition, and three possible mechanisms for the O-O bond formation are presented.
Introduction
Most life on earth is critically dependent on the presence of dioxygen in the atmosphere. Almost all of this dioxygen has been generated through photosynthetic oxygen evolution by the oxygen-evolving complex (OEC) in photosystem II (PS II). 1-3 PS II is a ∼500 kDa multi-subunit membrane-bound protein complex whose primary function is to generate charge separation across the membrane using the energy present in photons of sunlight. The energy from this charge separation is then used to oxidize water to dioxygen in the OEC, and eventually to generate ATP and NADPH. The OEC contains four Mn atoms and two essential cofactors, Ca 2+ and Cl -. Using the energy from the light-induced charge separation in the PS II reaction center, the OEC couples the 4-electron chemistry of water oxidation with the 1-electron photochemistry of the reaction center by sequentially storing oxidizing equivalents in a series of S-states S i (i ) 0-4), where i denotes the number of oxidizing equivalents stored (Scheme 1). 4 Once four oxidizing equivalents have been stored (S 4 ), the OEC evolves dioxygen. This accumulation process avoids the release of harmful water oxidation intermediates such as superoxide or peroxide.
The mechanism by which the OEC generates dioxygen from water has been the subject of intense study. Several possible mechanisms for this reaction have been proposed; 5-16 however, some key mechanistic questions are still unresolved. Knowledge of the structures of the Mn cluster and the oxidation states of (4) 
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Mn and other components of the OEC as it advances through the S-states is crucial to understanding the mechanism of water oxidation. In the absence of a high-resolution X-ray crystal structure of PS II, the primary spectroscopic tool for structural analysis of the S-states has been extended X-ray absorption fine structure (EXAFS) spectroscopy. On the basis of EXAFS data, the Mn cluster has been proposed to be a cluster consisting of at least two di-µ-oxo bridged Mn moieties and one mono-µ-oxo bridge Mn moiety. 17, 18 However, the EXAFS data provide few constraints on how these motifs are arranged in the OEC; thus, several possible topological models exist. 16, 19, 20 EXAFS data reveal that the structure of the Mn cluster is not static; instead, distance changes are observed during some S-state transitions. The EXAFS spectra of the dark-stable S 1 state show two to three 2.7 Å Mn-Mn distances and one 3.3 Å Mn-Mn distance, characteristic of two to three di-µ-oxo bridges and one mono-µ-oxo bridge, respectively. 19, 21 Advancement to the S 2 state does not change the EXAFS spectrum; however, in the S 0 state one of the 2.7 Å distances increases in length by 0.1-0.2 Å, and the 2.7 Å distances increase in the S 3 state to 2.8 and 3.0 Å, indicating changes in the di-µ-oxo bridges. 14, [22] [23] [24] Several different spectroscopic methods have been used to address the oxidation states of Mn as a function of S-state. Electron paramagnetic resonance (EPR) spectroscopy has shown that the S 0 and S 2 states are paramagnetic, exhibiting multiline EPR signals, [25] [26] [27] [28] [29] and that the S 1 state has a parallel polarization EPR signal. [30] [31] [32] [33] This suggests that Mn is oxidized during the S 0 f S 1 and S 1 f S 2 transitions. Other EPR studies of the power-saturation behavior of a redox-active tyrosine in photosystem II, Y D ox , which is sensitive to the presence of relaxing centers such as the Mn cluster, show that the half-saturation power P 1/2 changes during the S 0 f S 1 and S 1 f S 2 transitions, but remains unchanged during the S 2 f S 3 transition. 34 This led to the suggestion that, unlike the S 0 f S 1 and S 1 f S 2 transitions, the S 2 f S 3 transition proceeds without Mn oxidation. A direct pulsed electron spin-echo measurement of the Y D ox T 1 relaxation time, which has intrinsic and dipolar contributions, shows the same trends with S-state as the continuous-wave EPR measurements. 35 Nuclear magnetic resonance proton relaxation enhancement (NMR-PRE) measurements, which measure the increased relaxation rate of the bulk water due to rapid exchange with water bound to a transition metal such as Mn, also led to the same conclusion, in particular with regard to the S 2 f S 3 transition not involving Mn oxidation. 36 In addition, UV absorption difference spectroscopy has been used to address this question. By measuring small changes in absorbance between S-states, difference spectra are obtained which have been interpreted by some groups to suggest that Mn is oxidized on each S-state transition, contrary to the conclusions from other methods. [37] [38] [39] However, the interpretation of these UV absorption difference spectra to derive insight about Mn oxidation is not straightforward. 40, 41 X-ray spectroscopic techniques are ideally suited to address questions about oxidation state, because the element in question, Mn, can be selectively probed with essentially no interference from other cofactors or the protein matrix. X-ray absorption near-edge structure (XANES) spectroscopy is the most wellknown of these techniques and has been extensively used in the field of metalloproteins to investigate the oxidation states of redox-active metals in metalloprotein active sites. [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] The principal component in XANES spectra is a 1s f 4p absorption ( edge in Mn. The pioneering application of XANES to PS II was performed by Goodin et al. in the early 1980s. 46 This study, which was extremely difficult because of the low Mn concentration in PS II samples (e1 mM), showed that the Mn K-edge from the S 2 state is shifted to higher energy relative to the Mn K-edge studies from the S 1 state. Dramatic improvements in detector technology and cryostat cooling capabilities have made XANES experiments routine for most concentrated metalloproteins, and the collection of XANES spectra from dilute, single-flash saturable PS II samples is now achievable. Three different groups have investigated the oxidation states of Mn for the S 0 , S 1 , S 2 , and S 3 states using XANES on single-flash saturable PS II samples. On the basis of shifts in the absorption edge, or lack thereof, Roelofs et al. proposed that Mn is oxidized during the S 0 f S 1 and S 1 f S 2 transitions, but is not oxidized during the S 2 f S 3 transition. 49 In contrast, Ono et al. 52 and Iuzzolino et al. 53 interpret their XANES results to indicate that Mn is oxidized during each S-state transition, although one group (Ono et al.) reported no independent S-state determination for their samples and the other group (Iuzzolino et al.) had significant S-state inhomogeneity in their samples (for details, see Appendix).
The conflicting results in the literature concerning the S 2 f S 3 transition, some of which support and some of which disagree with Mn oxidation occurring during this transition, have led to two different types of proposed O 2 evolution mechanisms, with one type 8,10-12,15,16 incorporating the oxidation of ligand or substrate in the S 3 state, and the other type 9,13,54 invoking Mn oxidation during the S 2 f S 3 transition. As expected, fundamental differences in the chemistry of O-O bond formation and O 2 evolution exist between the two types of mechanisms. Clearly, if the nature of the S 2 f S 3 transition is unambiguously identified, it will narrow the range of possible mechanisms for O 2 evolution, leading to a clearer understanding of this important process.
By the application of an independent X-ray spectroscopic technique, K X-ray emission spectroscopy (K XES), we provide a new approach to contribute to the resolution of the true nature of the S 2 f S 3 transition. It has been known for over 60 years that K XES is sensitive to the number of unpaired 3d electrons of the fluorescing atom. [55] [56] [57] [58] Due to improvements in instrumentation, it has recently been possible to apply this technique to dilute, biologically relevant samples such as PS II. 59,60 K XES monitors the Mn 3p f 1s fluorescence, which is sensitive to spin state, and therefore oxidation state (vide infra), through a 3p-3d exchange interaction. 58 This is an indicator of oxidation-state sensitivity that is different from XANES, which is sensitive to oxidation state through 1s corehole shielding effects. 42 In this paper, we report on the investigation of the oxidation states of Mn in each of the intermediate S-states (S 0 through S 3 ) using K XES and XANES spectroscopy on the same sets of samples that have been characterized by EPR, and provide strong evidence that Mn is oxidized on the S 0 f S 1 and S 1 f S 2 transitions, while ligand/ substrate oxidation occurs during the S 2 f S 3 transition in lieu of a Mn-centered oxidation. By combining these data with structural information from EXAFS spectroscopy, three possible mechanisms for O-O bond formation by the OEC are proposed.
Materials and Methods
PS II membranes were prepared from fresh spinach leaves by a 2 min incubation of the isolated thylakoids with the detergent Triton X-100. 61, 62 The samples were then resuspended to a chlorophyll (Chl) concentration of 9.5 mg Chl/mL in a 30% (v/v) glycerol buffer (pH 6.5, 50 mM MES, 15 mM NaCl, 5 mM MgCl2, 5 mM CaCl2) and stored as aliquots at -80°C until used. Inductively coupled plasma/ atomic emission spectroscopy (ICP/AES) and flash-induced oxygen evolution were used to calculate a ratio of 4.3 ( 0.2 Mn/RC for the preparation used in this study (for details, see Supporting Information).
To prepare samples for the X-ray experiments, a frequency-doubled Nd:YAG laser system (Spectra-Physics PRO 230-10, 800 mJ/pulse at 532 nm, 9 ns pulse width) was used to illuminate PS II samples from both sides simultaneously. This setup allowed us to double the sample concentration used in earlier studies 49, 52 while still maintaining flash saturation. The laser was operated continuously at 10 Hz, and flashes were selected using an external shutter (model LSTX-Y3, nm Laser Products, Inc.).
Before flash illumination, 1 mM of recrystallized PPBQ, an exogenous electron acceptor of PS II, was added at 21°C from a 50 mM stock solution in dimethyl sulfoxide and mixed. Lexan sample holders (22 × 3.2 × 0.8 mm 3 inner dimensions) were evenly filled with 40 µL aliquots of PS II at 4°C under dim green light and then used for flash illumination.
All samples were enriched in the S1YD ox state (except for "no preflash", NPF, samples) with one preflash followed by a 30 min darkadaptation at 21°C. This preflash procedure oxidizes the fast electron donor YD and thereby minimizes S-state scrambling due to the backreaction with the S2 and S3 states between the flashes in the subsequent flash train. The samples were then illuminated with 0 to 6 flashes ("0F" to "6F" samples) at 1 Hz frequency. After the last flash, each sample was frozen immediately (<1 s) in liquid nitrogen to trap its S-state composition. Three sets of >35 samples each were prepared and used within 10 days for the experiments. The dimensions of the Lexan sample holders allowed us to measure EPR spectra of every sample that was later used for X-ray experiments.
To verify that the laser flash illumination procedure did not damage the PS II samples, Mn(II) EPR spectra were collected for several 6F samples; they showed that almost no Mn(II) (<1.5%) was released by seven laser flashes. For further confirmation, four of the 6F samples were dark-adapted for 40 min at room temperature after quantitation of their S2-state multiline EPR signal amplitudes, and were then advanced to the S2 state by continuous illumination at 190 K. The resulting normalized S2-state multiline EPR signal amplitudes were identical to those obtained from the 1F samples.
After all S2 EPR multiline signal and X-ray measurements were completed, the Mn content of each sample was quantitated by releasing the bound Mn as Mn(II) using the external reductant NH2OH. Ten microliters of a freshly prepared 1.0 M NH2OH solution was layered onto the surface of each sample, and the samples were allowed to incubate at room temperature for 30 min. The Mn(II) six-line EPR spectrum (I ) 5 /2 for 55 Mn, 100% natural abundance) was then measured for each sample using the parameters described below.
EPR spectra were collected on a Varian E-109 spectrometer with an E-102 microwave bridge and stored using Labview running on a Macintosh G3 computer. Samples were maintained at cryogenic temperatures using an Air Products Heli-tran liquid helium cryostat. Spectrometer conditions for Mn(II) spectra were as follows: 3300 ( 1000 G scan range, 16 000 gain, 10 µW microwave power, 20 K temperature, 32 G modulation amplitude, 100 kHz modulation frequency, 2 min/scan, 0.25 s time constant. The Mn(II) six-line EPR signal amplitudes were determined using the low-field peak-to-trough measurements for the 2nd, 3rd, and 6th hyperfine lines. XANES spectra were recorded on beamline 7-3 at SSRL (Stanford Synchrotron Radiation Laboratory) essentially as in Roelofs et al. 49 An incident X-ray beam of 1 × 11 mm 2 dimension with a flux of approximately 3.5 × 10 10 photons/s was used for the XANES experiments. Three vertical positions of 1 mm height each were used for each sample, and only 2 or 3 scans were collected at each separate position to minimize and monitor radiation damage. A third scan at each position was taken for fewer than 25% of the XANES samples. The samples were protected with a shutter from the beam at all times unless a measurement was in progress. For the XANES spectra, 41-49 scans (2-3 scans per position, 3 positions per sample) were averaged per flash number for the 0F-3F spectra, and 11-13 scans (2-3 scans per position, 3 positions per sample) were averaged per flash number for the 4F-6F spectra. Second derivatives between 6535 and 6575 eV were calculated for each point by fitting a cubic polynomial to a range of (3 eV around that point and computing the 2nd derivative of the polynomial. For additional experimental details, see Supporting Information.
K emission spectra were recorded on beamline 10-2 at SSRL using a crystal array spectrometer with e1 eV energy resolution. 60 The PS II samples were positioned with an angle of 15°between the surface of the sample and the incident X-ray beam and were kept in an Oxford CF1208 cryostat at a temperature of 10 ( 1 K under an ambient pressure He atmosphere. An incident X-ray beam (10.45 keV) of 1 × 4 mm 2 dimension and a flux of approximately 7 × 10 11 photons/s (∼10× higher energy absorption per unit of sample volume than for XANES) were used.
The crystal array monochromator contained eight 8.9 cm diameter spherically curved Si(440) crystals mounted on a movable table; the crystals were placed in an arc at a radial distance r ) 85 cm from the sample. An energy-resolving Ge detector was mounted on a movable platform positioned below the sample and cryostat in an approximate Rowland circle geometry. Bragg diffraction from the crystals allowed the detection of X-ray fluorescence from PS II at specific wavelengths of the broadband X-ray fluorescence spectrum. By moving the crystals and Ge detector vertically, the Bragg angle between the X-ray fluorescence and the Si crystal normal could be changed, thereby changing the wavelength of detection.
The samples were protected with a fast pneumatic shutter from X-ray exposure during all spectrometer movements. To minimize and quantitate the effect of photoreduction, the following scan protocol was used. The K 1,3 main peak (6483.6-6497.3 eV) was initially scanned twice (5 s/point, 6 min scans, ∼0.2 eV step size) and was then measured a third time after the K ′ region (6467.4-6483.6 eV, 19.5 min scan) and the high energy region (6496.5-6510.9 eV, 11 min scan) were collected. Thirty-three to thirty-nine separate scans (3 positions per sample, 11-13 separate samples) per flash number were collected for the first K 1,3 scans (shown in Figure 5B ). The total number of counts from all of the first K 1,3 scans at all three positions was 8100-9000 counts per flash number. Similar counts were obtained from the second K 1,3 scans; however, fewer of the third K 1,3 scans were collected, and only 2400-3600 counts were obtained. Only the data from the first K 1,3 scans at each position were used for the spectra shown in Figure 5B . To reduce contributions from systematic errors, all of the K spectra shown in this paper were collected in the same experimental run. The calibration of the instrument was checked periodically throughout the run with a MnF2 sample and was found to be invariant.
The following data reduction was performed on the raw K emission spectra of PS II: (a) A linear background (less than 10% of the peak intensity of ∼9000 counts) arising from Compton scattering and other fluorescence emission (mostly Fe KR) was subtracted. The linear background was chosen so as to align the PS II data with those of highly concentrated Mn oxides in the low (<6470 eV) and high (>6505 eV) energy regions. The fluorescence intensities in these low and high energy regions are invariant with oxidation state (see Figure 4) . (b) The individual data points were binned (step size varied from 0.1 to 0.24 eV) into groups of 9 or 5 points in the tails and 2 points in the K 1,3 peak. 63 (c) The spectra were splined onto a grid of 0.1 eV energy steps to facilitate the calculation of 1st-moment (〈E〉) values. (d) The spectra were then normalized by assigning the integrated area from 6467.9 to 6510.4 eV to be 1; this had no effect on the 1st-moment value. The 1st-moment values were calculated between 6485 and 6495 eV using the formula shown in eq 1:
where E j and Ij are the energies and fluorescence intensities, respectively, of the jth point. This is a different quantitation method than the method used in Bergmann et al., 59 which assigned the position of the K 1,3 feature as the top of the K 1,3 peak. Although the observed shifts are smaller, the 1st-moment method is better suited for very small shifts than the method used in Bergmann et al. 59 because the statistics from the entire K 1,3 peak (6485-6495 eV) are used for the calculation of the 1st moment.
Results

EPR.
Characterization of the samples using EPR spectroscopy is a critical aspect of these experiments, because it is the only way to determine S-state composition as a function of flash number for the same samples that are subsequently used in the X-ray experiments. Starting from dark-adapted samples, the S 2 -state multiline EPR signal is maximal after 1 flash and oscillates with a period of four as a function of flash number; thus the S 2 -state multiline EPR signal can be used to characterize the S-state distribution of samples given 0 to 6 flashes. The S 2 -state multiline EPR signal was measured on each of 109 separate samples given no preflashes (NPF) or given 0, 1, 2, 3 4, 5, or 6 flashes. Figure 1A shows the difference spectra (sample minus buffer) obtained by averaging all samples of a given flash number. These spectra are normalized according to the total Mn content of each sample (see the Materials and Methods section). A deep period-four oscillation is observed with maxima on the first and fifth flashes, indicating that there is very little dephasing of S-state advancement with flashes and an initial S-state population of almost 100% S 1 . The signal-to-noise ratio of these average spectra allows a reliable quantitation of even the small S 2 -state multiline EPR signal amplitudes in the 0F, 3F, and 4F samples. This can be seen by the comparison to the EPR spectrum of the NPF sample, which has no S 2 -state multiline EPR signal. For each spectrum shown in Figure 1A , the four designated S 2 -state multiline EPR signal peaks were quantitated (see the Materials and Methods section); the results are shown as the solid line in Figure 1B , with the 1F value normalized to 100%. In addition, the S 2 -state multiline EPR signal quantitations for each sample are shown as filled circles in Figure 1B .
Due to factors such as redox equilibria between the cofactors in PS II, 64 it is inevitable that some dephasing occurs while the OEC is advanced through the various S-states. The original Kok model explains this by assuming two parameters: the miss probability (R) accounts for the percentage of centers that do not advance in each flash and the double-hit probability ( ) describes the percentage of centers that make two turnovers in (63) This procedure had essentially no effect (e0.0007 eV) on the reported 〈E〉 shifts.
(64) Shinkarev, V. 
-electron transfers, which are on the same time scale as the tail of the Xe flashlamp pulse. The short (9 ns) Gaussian-shaped pulses from Nd:YAG lasers do not have these tails, making double hits negligible for laser flash illumination. According to the Kok model, a sample that is initially 100% in the S 1 state will have an S-state distribution of R % S 1 , (100 -R -) % S 2 , and % S 3 population after the first flash. This analysis can be extended for subsequent flashes to the point where the complete S-state distribution as a function of flash number can be easily derived if the quantities R and are known. We have used this model to calculate the S-state population for each flash number and have compared the calculated S 2 -state values to the measured amplitudes shown in Figure 1B . Using a Microsoft Excel spreadsheet and a least-squares minimization routine, the error between the calculated and measured S 2 -state populations was minimized using R and as adjustable parameters.
A systematic approach has been used to extract a reliable S-state distribution from our S 2 -state multiline EPR signal oscillation pattern. The results from applying the original Kok model to the experimental data in Figure 1B are shown as fit no. 1 in Table 1 . The value of was set to 0 for this fit based on the short pulse width of the Nd:YAG laser pulses (vide supra). A noticeable improvement in the fit, shown in fit no. 2, is obtained by varying the initial S 2 -state percentage in addition to R. This is justified because there is a discernible (6.2%) S 2 -state multiline EPR signal for the 0F samples due to the presence of PPBQ during the preflash treatment. Exogenous quinones such as PPBQ are known to extend the S 2 -and S 3 -state lifetimes by minimizing recombination reactions with the acceptor side, and are necessary to obtain deep S 2 -state multiline EPR signal oscillation patterns in isolated PS II membranes. 67,68 Because Lexan sample holders, which allowed the EPR and X-ray spectroscopy to be performed on the same samples, and not EPR tubes were used to hold the PS II samples, PPBQ could not be added and mixed into each sample after the preflash and was therefore added to the entire PS II aliquot before the preflash treatment. The possibility of double hits was also considered; but, as expected (vide supra), the inclusion of double hits, shown in fit no. 3, does not significantly improve the fit quality.
However, none of these 3 fits properly accounts for the small but significant S 2 -state multiline EPR signal amplitudes for the 3F and 4F samples. It is therefore necessary to use "extended Kok models", whereby additional dephasing parameters are used to explain the 3F and 4F S 2 -state multiline EPR signal amplitudes. Several phenomena aside from R and can lead to dephasing of S-state advancement. One possibility is the initial (A) EPR difference spectra (flash sample minus buffer spectrum) of the low-field side of the S2 multiline. The spectra shown are the average of all samples used in this study. Spectra from 2, 23, 23, 18, 19, 9, 7, and 8 samples were averaged for the NPF, 0F, 1F, 2F, 3F, 4F, 5F, and 6F spectra, respectively. They are normalized to their total Mn contents, which were determined as described in the Materials and Methods section. The sloping baseline that is apparent at high field is due to a flash-induced background signal in the Lexan sample holders. This signal was shown in flashed empty sample holders to be a very broad EPR signal with no hyperfine structure. Thus, it does not affect the quantitations of the S2-state multiline EPR signal hyperfine peaks. (B) The S2-state multiline EPR signal amplitudes obtained from the designated peaks in Figure 1A are shown as a function of flash number (solid line). The data points are measurements on the spectra from individual samples and are normalized to the Mn content in each sample (see the Materials and Methods section). The best fit to the S2-state multiline EPR signal oscillation pattern (fit no. 4 in Table 1 ) is shown as a dashed line. All S2-state multiline EPR signal amplitudes were normalized to the average 1F S2-state multiline EPR signal amplitude. Spectrometer conditions: 2800 ( 500 G scan range, 25 000 or 40 000 gain, 30 mW microwave power, 9 K temperature, 32 G modulation amplitude, 100 kHz modulation frequency, 2 min/scan, 2 or 4 scans per sample, 0.25 s time constant, 9.26 GHz microwave frequency. MLS amplitudes were determined from the low-field and high-field peak-to-trough measurements for each designated peak. Figure 1B was fit with an (extended) Kok model: R and are the miss and double-hit parameters, respectively, and I.C. gives the percentage of "impaired centers" (see Results for details). The fit error and fit quality were calculated as follows: Fit error ) ∑(residual 2 ) and fit quality ) (fit error)/(7 -no. of free parameters Another scenario concerns the presence of a certain percentage of acceptor-impaired centers. It has been shown that, even in whole plant leaves, in some PS II centers the acceptor-side quinone Q A -is oxidized with a t 1/2 of 2-3 s and that full recovery takes up to 100 s; 70,71 thus these centers are effectively blocked from multiple turnovers with a flash frequency of 1 Hz. In addition, much higher S 2 -state multiline EPR signal amplitudes are observed for the 3F and 4F samples in the absence of PPBQ (data not shown); thus, it is reasonable to consider acceptor-side limitations. For simplicity, 72 we modeled this as a variable percentage of centers which advance with the normal miss parameter R for the first flash, but cannot advance on any subsequent flashes; thus, the miss parameter for these centers for subsequent flashes is 100%. Fit no. 4 in Table 1 shows that including these "impaired centers" as a fit parameter significantly improves the fit. The dashed line in Figure 1B represents our best fit to the data, fit no. 4, with a 10.8% miss parameter, 5.7% of the centers initially in the S 2 state, and 4.7% impaired centers. To obtain maximal error limits, similar fits were made to a "'most damped" pattern and a 'least damped' pattern that were constructed using the respective higher and lower ends of the standard deviations from the individual S 2 -state multiline EPR signal measurements shown in Figure 1B (see Table 2 for details).
Using the fit parameters from fit no. 4, the S-state distributions of samples given 0, 1, 2, 3, 4, 5, and 6 flashes have been calculated and are shown in Table 2 . As expected, the 0F, 1F, 2F, and 3F samples are predominantly in the S 1 , S 2 , S 3 , and S 0 states, respectively, and the deep S 2 -state multiline EPR signal oscillation pattern that was obtained contributes to a fairly high S-state purity for the 0F-3F samples. The information in Table   2 is necessary to extract pure S-state X-ray spectra from the measured X-ray spectra of samples given 0-3 flashes. It should be emphasized that the S-state distributions calculated from fit no. 2 (the standard Kok model) are well within the maximum error limits shown in Table 2 , indicating that, while the inclusion of impaired centers improves the fit to the S 2 -state multiline EPR signal oscillation data, under our conditions, they have a negligible effect on the overall S-state distributions and the resulting pure S-state spectra.
XANES. The XANES spectra from samples given 0-3 flashes are shown in the upper portion of Figure 2A . The edge shift that is apparent between the 0F and 1F spectra indicates that Mn oxidation occurs during the S 1 f S 2 transition. However, it is less clear that there is a significant shift between the 1F and 2F spectra, which suggests that Mn is not oxidized as the OEC proceeds from the S 2 to the S 3 state. As expected, the edge position shifts to lower energy between the 2F and 3F spectra, reflecting mainly the S 3 f [S 4 ] f S 0 transition. However, due to 23% of the centers being in the S 3 state in the 3F spectra, the edge position is at a higher energy than would be expected for the pure S 0 state.
Using the known S-state distributions shown in Table 2 for the flash samples, the flash spectra can be deconvoluted to obtain the pure S-state spectra as follows. The S-state distributions in Table 2 describe the flash spectra as a linear combination of pure S-state spectra, as shown in eq 2. By multiplying both sides of eq 2 by the inverse of the S-state distribution matrix M, pure S-state spectra can be obtained from flash spectra. Using this approach, the XANES spectra given 0-3 flashes, shown in the upper portion of Figure 2A , were deconvoluted into the pure S-state spectra, shown in the lower portion of Figure 2A . It is clear from these pure S-state spectra that the edge position shifts to higher energy during both the S 0 f S 1 and S 1 f S 2 transitions, confirming our previous conclusions that Mn oxidation occurs during both of these S-state transitions. 22, 46, 49 However, the S 2 -and S 3 -state XANES spectra show a much smaller edge shift than the S 1 f S 2 transition, as well as a change in the shape of the edge between the S 2 and S 3 states. The S-state difference spectra ( Figure 2B ) show these differences prominently. The fact that the shape and position of the S 3 -S 2 difference spectrum is unlike that of the S 2 -S 1 or S 1 -S 0 difference spectrum indicates that the chemistry of the S 2 f S 3 transition is not the same as the S 0 f S 1 and S 1 f S 2 transitions, where Mn oxidation is thought to occur on each step. One possible explanation for this is that a species other than Mn is oxidized during the S 2 f S 3 transition. However, it is difficult to confirm this hypothesis based solely on XANES difference spectra (as shown in Visser et al. 73 ) or based on visual comparisons between the spectra as shown in Figure 2A . Instead, an analysis method that has been proven through comparisons to model complexes, such as the 2nd-derivative method (vide infra), should be used to derive insight into oxidation-state changes.
Further information about edge shape and position can be obtained by taking the 2nd derivative of the XANES spec- a The numbers were calculated using fit no. 4 in Table 1 . The maximum error in S-state populations is obtained from fits to a "leastdamped" and a "most-damped" oscillation pattern, which were obtained using the high or low ends of the standard deviations calculated from the individual data points in Figure 1B . The "least damped" pattern used the following standard deviations: 0F, low; 1F, high; 2F, low; 3F, low; 4F, low; 5F, high; 6F, low. The "most damped" pattern used the following standard deviations: 0F, high; 1F, low; 2F, high; 3F, high; 4F, high; 5F, low; 6F, high.
trum. 17, 18, 43, 45, 46, [74] [75] [76] [77] [78] [79] [80] Figure 3 shows the 2nd derivatives of the pure S-state spectra from Figure 2A compared to the 2nd derivatives for each flash sample. The spectra of the individual flash samples, shown in Figure 3A , demonstrate the reproducibility achieved in this experiment. In addition, the S-state homogeneity of the flash samples (see Table 2 ) is reflected in the similarity between the 2nd derivatives of the experimentally obtained flash-sample spectra ( Figure 3A ) and the deconvoluted S-state spectra ( Figure 3B ). The edge positions for each of the S-states have been quantitated by measuring the inflection point energy (IPE), given by the zero-crossing of the 2nd derivative; the results are shown in Table 3 . Extensive model compound studies have shown that, without exception in our study of more than 13 sets of compounds, when Mn is oxidized by one electron 17, 73 Thus, the shifts in the IPE values of 2.1((0.15) eV and 1.1((0.05) eV during the S 0 f S 1 and S 1 f S 2 transitions, respectively, confirm that Mn oxidation occurs during each of these transitions. However, the IPE shift for the S 2 f S 3 transition is only 0.3((0.05) eV, confirming under improved conditions the earlier results of Roelofs et al., 49 and providing strong evidence that a Mn-based oxidation does not occur during this transition. 81 It is noteworthy that a comparison of the IPE values from the 2nd derivatives of the 1st and 2nd XANES scans for each flash number shows no change within experimental error (<0.1 eV); therefore, X-ray photoreduction did not affect the XANES experiments (data not shown).
The inset of Figure 2A shows the pre-edge (1s f 3d) transitions for each of the S-states S 0 , S 1 , S 2 , and S 3 . This formally dipole-forbidden transition contains information about the oxidation state and geometry 42 of Mn in the OEC. Analysis of these features in mononuclear metalloproteins with Fe at the active site 47,82-87 and Fe model complexes 88,89 has proven useful in determining the coordination number and oxidation state of Fe. The pre-edge region in the inset of Figure 2A shows changes with S-state; the most prominent change occurs between the S 0 and S 1 states. It also shows the quality of the XANES spectra from this experiment. The analysis of the pre-edge region is complicated by the tetranuclear nature of the Mn cluster; the majority of such studies to date have dealt with mononuclear systems, and some studies have been done on homovalent binuclear complexes. Further investigations of the pre-edge region from PS II and Mn model compounds will aid in interpretation of the 1s f 3d features in Mn model compounds and metalloenzymes.
K Emission Spectroscopy. Shown in Figure 4 are the K emission spectra of Mn(IV)O 2 , Mn 2 (III)O 3 , and Mn(II)O, which illustrate the features of K emission spectra and their sensitivity to the oxidation states of Mn. Although a more detailed analysis of these spectra requires the use of ligand-field multiplet calculations, 58 a qualitative understanding of the spectra can be obtained without these calculations. The K emission spectra in Figure 4 consist of two main features: the K ′ peak at ∼6475 eV and the K 1,3 peak at ∼6490 eV. The separation of these two features is due to the exchange interaction of the unpaired 3d electrons with the 3p hole in the final state of the 3p f 1s fluorescence transition. 90 (81) The numbers in parentheses show the uncertainties in the shifts of the IPE values which are due to deconvolution. They were calculated from the "most-damped" and "least-damped" oscillation patterns as described in Table 2 , as described in the text. The pre-edge region (principally a 1s f 3d transition) for the S0-S3 states is shown in the inset. (B) S-state XANES difference spectra. The spectra are multiplied by a factor of 5 and are vertically offset for clarity. The horizontal dashed lines show the zero value for each difference spectrum. the hole in the 3p level. Furthermore, the K features are broadened by the finite lifetimes for the initial and final states as well as spin-orbit and multiplet splittings. In the case of the K ′ line, the final-state lifetime is much shorter compared to the K 1,3 line and hence the structure is broader and has a smaller peak intensity. 92 As the oxidation state of Mn increases from Mn(II) to Mn(III) to Mn(IV), fewer unpaired 3d valence electrons are available to interact with the 3p hole; thus, the magnitude of the 3p-3d exchange interaction becomes smaller, leading to a decrease in the K ′-K 1,3 splitting. 93 The consequence is that, if one focuses only on the more intense K 1,3 emission peak, it shifts to lower energy as Mn is oxidized. 94 The shifts in the K 1,3 emission peaks can be quantitated using a 1st-moment analysis described in eq 1, which in essence calculates the "center of mass" of the K 1,3 spectrum along the energy axis within the integration limits used. As Mn is oxidized from Mn(II) to Mn(III) in the oxide series, the 1st moments (〈E〉) shift to lower energy by 0.30 eV. The Mn(III) f Mn(IV) 〈E〉 shift of 0.33 eV is similar. It should be emphasized that these shifts are much larger than those expected for PS II, (93) In general, K XES is sensitive to the spin state of the fluorescing atom, and not its oxidation state, because the magnitude of the 3p-3d exchange interaction is governed by the number of unpaired 3d electrons. However, for the situations relevant for PS II, i.e., Mn(II), Mn(III), and Mn(IV) ions in a high-spin configuration, the oxidation state is directly correlated to the spin state.
(94) Whereas the K emission spectrum is sensitive to oxidation state through a 3p-3d exchange interaction, the independent technique of XANES spectroscopy is sensitive to oxidation state through a different mechanism: core-hole shielding effects. This is why, upon Mn oxidation, K 1,3 emission spectra shift to lower energy, while XANES spectra shift to higher energy. The individual 2nd-derivative spectra from 7, 6, 7, and 7 samples given 0, 1, 2, or 3 flashes, respectively, are shown. The dashed vertical line marks the average inflection point energy for the 1F spectra. The individual edge spectra from which these 2nd derivatives were calculated were used to generate the composite XANES flash spectra shown in the upper portion of Figure 2A. (B) Deconvoluted S-state spectra. These spectra are the 2nd derivatives of the S-state XANES edge spectra shown in the lower portion of Figure 2A . The dashed vertical line is at the inflection point energy for the S2-state spectrum. Because of the high S-state purity of the flashed samples, the deconvoluted S-state spectra are quite similar to the experimentally obtained flash spectra shown in part A of this figure. a The numbers were calculated using fit no. 4 in Table 1 . The maximum IPE error shown above is obtained by calculating S-state distributions from fits to a "least-damped" and a "most-damped" oscillation pattern, and then using those S-state distribution matrices to deconvolute the flash spectra in Figure 2A into pure S-state spectra. The composite K emission spectrum from 15 individual 0F samples is shown in Figure 5A . This spectrum has been reconstructed from piecewise scans of the high-energy tail, K 1,3 , and K ′ regions on each sample, as explained in the Materials and Methods section. Figure 5B shows the main K 1,3 emission peak for the 0F, 1F, 2F, and 3F samples. Only the first 6-min K 1,3 emission scan of each position was used for these spectra, which are the average of 33-39 separate scans (3 positions per sample, 11-13 separate samples) per flash number. It is evident that the K 1,3 emission peak shifts to lower energy for the 1F sample relative to the 0F sample, reflecting the Mn oxidation that occurs during the S 1 f S 2 transition. However, there is no clear shift between the 1F and 2F samples, which is again suggestive that Mn is not oxidized during the S 2 f S 3 transition. The large shift in the opposite direction (to higher energy) between the 2F and 3F spectrum is expected, because Mn is reduced during the S 3 f [S 4 ] f S 0 transition. The flash spectra have been deconvoluted to generate pure S-state spectra as described earlier, and the calculated K 1,3 emission spectra for the S 0 , S 1 , S 2 , and S 3 states are shown in Figure 6 . The pure S-state K 1,3 emission spectra are quite similar to the K 1,3 emission spectra from the flash samples shown in Figure 5B due to the high degree of S-state purity of the flash samples. On the basis of the spectra shown in Figure   6 , the 1st-moment shift observed for the S 1 f S 2 transition, where 1 Mn out of 4 is oxidized, is 0.06 eV. In contrast, the 1st-moment shift for the S 2 f S 3 transition is only 0.02 eV. 95 The changes in the K 1,3 emission spectra can also be visualized as difference spectra. This was done by smoothing the pure S-state spectra (shown in Figure 6 ) by fitting a cubic polynomial of 3 eV width around each point, and then performing the subtractions to generate the S-state difference spectra shown in Figure 7 . The derivative-shaped S 1 -S 0 and S 2 -S 1 difference spectra show that the K 1,3 peak shifts to lower energy during both the S 0 f S 1 and S 1 f S 2 transitions.
(95) A maximum possible deconvolution error of (0.0025 eV was calculated for the 〈E〉 values using the "most-damped" and "least-damped" oscillation patterns described in Figure 4 ) is significantly larger than the first-moment shift for the S1 f S2 transition, where only 1 Mn out of 4 is being oxidized. Figure 6 . Overplots of the normalized (area under the peak) K 1,3 emission spectra of PS II samples in the S0, S1, S2, and S3 states. These spectra were generated by deconvoluting the flash spectra shown in Figure 5B , as described in the text. This reinforces the earlier conclusions that Mn oxidation occurs during both of these transitions. However, the derivative-shaped feature is noticeably absent in the S 3 -S 2 difference spectrum, thus providing compelling evidence that the S 2 f S 3 transition proceeds without Mn oxidation.
The Mn K XES experiment was performed three different times, although only the results from the third experiment are presented in this paper. This is because, of the three sets, the third set of samples was the most completely characterized by EPR, XANES, and K XES spectroscopies. In all three instances, the 〈E〉 shift for the S 2 f S 3 transition was at least three times smaller than the 〈E〉 shift for the S 1 f S 2 transition. The 〈E〉 shift for the S 0 f S 1 transition was equal to or greater than that seen for the S 1 f S 2 transition in two experiments and less than that seen for the S 1 f S 2 transition in one experiment. This variation may be related to the fact that the S 0 -state spectrum is the most difficult S-state spectrum to obtain through deconvolution. This also shows that it can be a disadvantage to condense all of the spectral information present in the K 1,3 emission spectrum into a single number. It is more informative to rely on the K 1,3 difference spectra from Figure  7 . They clearly show that distinct differences are present between the S 0 -state and S 1 -state spectra, as well as between the S 1 -state and S 2 -state spectra. However, these differences are not present between the S 2 -state and S 3 -state spectra.
The K XES protocol was carefully designed to minimize and examine the effects of radiation damage to the samples. As described in the Materials and Methods section, three K 1,3 emission scans were taken at each sample position; only the first K 1,3 emission scans from each sample position were used in the spectra shown in Figure 6 . Figure 8 shows the 1st-moment values for the 0F, 1F, 2F, and 3F samples as a function of X-ray exposure time. The dashed lines show the fits to the data points for each flash number assuming 1st-order kinetics for the photoreduction process. The fits show the relative radiation damage susceptibility for each flash number, as well as an extrapolated "zero exposure time" moment for each flash number which is also shown in Figure 9 . Figure 8 shows that the radiation damage rate for the 2F samples is significantly less than that of the 0F, 1F, or 3F samples. This finding excludes the possibility that the extremely small 〈E〉 shift between the 1F and 2F samples could be caused by a faster photoreduction of the S 3 state compared to the S 2 state.
Discussion
Oxidation States of the Mn Cluster Based on XANES Spectroscopy and K Emission Spectroscopy. XANES spectroscopy has been widely used for nearly 25 years to address the oxidation states of redox-active metals in metalloprotein active sites. [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] In addition to XANES, this work applies K XES for the first time to single-flash saturable concentrations (∼150 µM Mn) of PS II, thus providing an important independent determination of the Mn redox states in each of the accessible S-states of the OEC in PS II.
By combining the information available from the XANES spectra (Figures 2 and 3) with the K emission spectra ( Figures  6 and 7) and literature data, the presence or absence of Mn oxidation during each S-state transition will be addressed in more detail, and oxidation states for the four Mn ions in each S-state, S 0 , S 1 , S 2 , and S 3 , will be proposed. S 1 f S 2 Transition. As detailed in the Results section, the Mn K-edge XANES spectra and the K 1,3 emission spectra confirm the presence of Mn oxidation during the S 1 f S 2 transition, consistent with earlier XANES studies. 46 the S 1 state shows that its edge shape is unlike the edge shape observed for Mn(III) complexes; when the 2nd-derivative XANES spectrum for the S 1 state is fit using Mn(III) and Mn(IV) model compounds, it cannot be fit well using only Mn(III) model compounds. 18,102 Furthermore, inspection of the only available set of tetranuclear Mn complexes with all O ligation, four distorted Mn 4 (III 3 ,IV) cubanes, shows XANES IPE values at ∼6551 eV for these complexes, 20 consistent with the S 0 -state XANES IPE of 6550.8 eV and lower than the S 1 -state XANES IPE of 6552.9 eV. Thus, this is also consistent with the conclusion that the oxidation states of Mn in the S 1 state are Mn 4 (III 2 ,IV 2 ), not Mn 4 (III 4 ).
In addition, a reductant treatment of PS II core particles with hydroquinone (a two-electron reductant) leads predominantly to the formation of the S -1 state, which is two electrons reduced relative to the S 1 state. The XANES spectrum from samples in the S -1 state is best fit with a Mn 4 (II 2 ,IV 2 ) oxidation state. 102 This is further supported by the stability of the S -3 state. 15, 103 An oxidation-state assignment of Mn 4 (III 2 ,IV 2 ) is also consistent with recent K XES experiments on the S 1 state. In fitting the K 1,3 emission spectrum for the S 1 state, Bergmann et al. 59 found that the best fit to the experimental data was obtained using equal amounts of the K 1,3 emission spectra from Mn(III) and Mn(IV) model compounds; the fit was significantly worse if only Mn(III) or only Mn(IV) was used for the fit. 59 It is therefore most likely that the oxidation states for Mn are Mn 4 (III 2 ,IV 2 ) in the S 1 state and Mn 4 (III,IV 3 ) in the S 2 state. The oxidation of Mn(III) to Mn(IV) during this transition is reflected in the 1.1 eV shift in the XANES IPE value (Table 3) and the shift of -0.06 eV in the 1st moment of the K emission spectra (Figure 6 ). The S 2 -S 1 difference spectra shown in Figure 2 (XANES) and Figure 7 (K XES) also confirm that Mn is oxidized during this transition. Thus, the observed changes in the IPE and 1st-moment values during the S 1 f S 2 transition, as well as the corresponding difference spectra, provide an internal standard for a Mn(III) f Mn(IV) oxidation within the OEC.
S 0 f S 1 Transition. The Mn K-edge XANES spectra for these S-states, displayed in Figure 2A , and the 2nd derivatives ( Figure 3B ) show a clear shift of 2.1 eV (as determined by the 2nd-derivative IPE values) in the XANES edge position during the S 0 f S 1 transition. In addition, the S 1 -S 0 K XES difference spectrum, shown in Figure 7 , is derivative-shaped, which is indicative of Mn oxidation during this transition. Because the S 1 state has Mn oxidation states of Mn 4 (III 2 ,IV 2 ), as detailed above, the changes in the X-ray spectroscopic data could be due to either a Mn(II) f Mn(III) oxidation or a Mn(III) f Mn(IV) oxidation.
The finding that the S 1 -S 0 XANES difference spectrum ( Figure 2B ) is somewhat different from the S 2 -S 1 difference spectrum suggests that the S 0 f S 1 transition most likely reflects a Mn(II) f Mn(III) oxidation. The S 1 -S 0 XANES difference spectrum shown in Figure 2B contains positive features in the 6545-6565 eV range, unlike the S 2 -S 1 XANES difference spectrum. This includes the pre-edge region, which shows that the S 0 -state XANES spectrum has a lower pre-edge intensity than the S 1 -state XANES spectrum (also seen in the inset in Figure 2A ). The shape of the XANES edge is different for the S 0 -state and S 1 -state spectra; this is shown in part by the peak at 6548 eV in the 2nd derivative of the S 0 -state XANES spectrum ( Figure 3B ). This is suggestive of the presence of Mn(II), based on comparison to the 2nd derivatives of Mn(II)-containing model compounds. The significantly larger shift in the 2nd-derivative IPE values for the S 0 f S 1 transition compared to the S 1 f S 2 transition is also indicative for a Mn(II) f Mn(III) oxidation. This is based on the finding that, for homologous sets of model compounds, the shifts in the IPE value for Mn(II) f Mn(III) oxidations are usually larger than those seen for Mn(III) f Mn(IV) oxidations. However, in agreement with Roelofs et al., 49 but in contrast to Iuzzolino et al., 53 no "Mn(II) shoulder" is observed in the pure S 0 XANES spectrum (Figure 2A) .
Other spectroscopic studies 22,25-27,34-39 concur that Mn oxidation occurs during the S 0 f S 1 transition. In addition, one possible explanation of the greater spectral width of the S 0 -state EPR multiline signal compared to the S 2 -state EPR multiline signal is that Mn(II) is present in the S 0 state, 25-27 which suggests a Mn(II) f Mn(III) oxidation for the S 0 f S 1 transition. The presence of Mn(II) in the S 0 state may also explain why Y D ox can oxidize the S 0 state to the S 1 state, but not the S 1 state to the S 2 state. 67 The K XES and XANES difference spectra, in addition to other spectroscopic data, are consistent with the assignment of the S 0 f S 1 transition as a Mn(II) f Mn(III) oxidation. Therefore, the oxidation states of Mn in the S 0 state are proposed to be Mn 4 (II,III,IV 2 ), which change upon Mn oxidation to Mn 4 (III 2 ,IV 2 ) in the S 1 state, although the oxidation states of Mn 4 (III 3 ,IV) for the S 0 state cannot be unequivocally excluded.
S 2 f S 3 Transition. The most controversial S-state transition has been the S 2 f S 3 transition (see Introduction). Most debate has focused on whether this transition is a Mn-centered 9,13,52-54 or ligand-centered 8,11,12,14-16,49 oxidation. In addition, a redox isomerism between Mn and ligands has been proposed for the S 3 state. 10 If Mn were to be oxidized during the S 2 f S 3 transition, the oxidation would have to be a Mn(III) f Mn(IV) transition. A Mn(IV) f Mn(V) transition is unlikely to occur with Mn(III) still present in the complex given the proposed reactivity of the Mn(V) ion. Thus, it would be expected that the XANES and K XES difference spectra, as well as the observed shifts in the XANES IPE values and the K emission spectra 1st-moment values, would be essentially identical to the S 1 f S 2 transition, where a Mn(III) f Mn(IV) oxidation also occurs. However, as described below, the spectroscopic results for the S 2 f S 3 transition are completely different from those of the S 1 f S 2 transition.
The XANES results from Figures 2 and 3 provide strong support for a ligand-based oxidation of the OEC occurring during the S 2 f S 3 transition, based on the small (0.3 eV) shift in the XANES 2nd-derivative IPE values. This finding is consistent with earlier XANES studies by Roelofs et al. 49 The fact that the S 3 -S 2 XANES difference spectrum is significantly different from the S 2 -S 1 difference spectrum ( Figure 2B ) is inconsistent with a Mn(III) f Mn(IV) oxidation occurring during the S 2 f S 3 transition. Instead, the S 3 -S 2 XANES difference spectrum shows how the shape of the XANES edge changes between the S 2 and S 3 states, which is consistent with a ligand-based oxidation (vide infra).
Changes in the XANES spectrum similar to those observed during the S 2 f S 3 transition are also observed in a different enzymatic system, galactose oxidase, as well as in model compounds that mimic its structure and reactivity. Galactose oxidase, a metalloenzyme with a mononuclear Cu active site, contains a phenoxyl radical coordinated to a Cu II atom in its highest oxidation state. 104 When monitored using XANES spectroscopy, the XANES edge was clearly shifted to higher energy between the Cu I and Cu II forms of the enzyme. However, comparison of the Cu II and Cu II -O • oxidation states showed that the edge shape was different and the edge position was in fact shifted to slightly lower energy. 105 This trend is also seen in Cu II -phenoxyl radical model complexes, where the Cu II -O • complex has a different XANES edge shape from that of the corresponding Cu II complex, but essentially the same edge position. 79, 106 In addition, DFT calculations support the formation of Cu II -O • in both the enzyme and the model complexes. 107 Therefore, based on the XANES data, it is reasonable to suggest that, as is formed in galactose oxidase, a ligand radical is formed in the S 3 state in lieu of Mn oxidation; this will be denoted by Mn 4 (III,IV 3 ) • . This interpretation is strongly reinforced by the K emission spectra and K XES difference spectra from Figures 6 and 7 , respectively. The difference spectra clearly show that the derivative-shaped difference spectrum that is expected if Mn is oxidized, as in the S 0 f S 1 and S 1 f S 2 transitions, is absent in the S 2 f S 3 transition. In addition, the 〈E〉 value of 6490.157 eV for the S 3 state argues against Mn oxidation during the S 2 f S 3 transition, because it is inconsistent with a Mn 4 (IV 4 ) oxidation state, which is required for the S 3 state if Mn is oxidized during the S 2 f S 3 transition.
Comparison of the S 3 -state 〈E〉 value to the 〈E〉 values from 18 different mononuclear, binuclear, trinuclear, and tetranuclear Mn(IV) model compounds with different ligands, including Cl -, shows that the S 3 -state 〈E〉 value is higher than the 〈E〉 value for any of the Mn(IV) compounds studied (average 〈E〉 ) 6490.00 eV, highest 〈E〉 ) 6490.10 eV). 108 It is difficult to explain this result unless Mn(III) is still present in the S 3 state, which means that, based on the Mn 4 (III,IV 3 ) redox states derived for the S 2 state (vide supra), a Mn-based oxidation cannot occur during the S 2 f S 3 transition.
Effects of Structural Changes on the XANES and K XES Data. This section will consider in detail whether structural changes and/or ligand rearrangements during the S 2 f S 3 transition could affect the detection of a Mn oxidation in the K emission and XANES spectra. This is of particular interest due to the proposed structural changes during the S 2 f S 3 transition 109, 110 which were recently confirmed by direct distance measurements from EXAFS experiments. 14 The detailed considerations described below show that it is unlikely that a structural change could mask the effects of Mn oxidation during the S 2 f S 3 transition in the OEC.
A recent paper by Visser et al. 73 compares the XANES spectra from two Mn 2 (III,IV) binuclear complexes with different ratios of aromatic to nonaromatic ligands and different µ-oxo bridges. This comparison shows that drastic ligand rearrangements can affect the observed XANES edge shape and position to a greater degree than changes in oxidation state.
However, the K XES results from the work of Visser et al. 73 show that, while the previously mentioned Mn complexes have different XANES 2nd-derivative IPE values for complexes in the same Mn oxidation state, the K XES 1st-moment values are essentially identical for the two different binuclear complexes in the same Mn oxidation state. This suggests that the K XES 1st-moment values determined in this study should be essentially unaffected by any change in ligand environment that may occur in the OEC.
Could ligand rearrangement prevent the observation of a Mncentered oxidation in the XANES spectra pertaining to the S 2 f S 3 transition? Several lines of evidence argue against this proposition. In Mn model compounds, dramatic ligand effects are seen when several aromatic ligands are substituted for aliphatic ligands and vice versa. 73, 111 This is because, with aromatic ligands, additional 1s f π * transitions are present just below the main 1s f 4p XANES transition; 112 this shifts the XANES edge position to lower energy than is seen for complexes with aliphatic ligands. These 1s f π * transitions are absent with aliphatic ligands, because they have occupied, not unoccupied, π * ligand orbitals. The Mn cluster in PS II has very few aromatic ligands; therefore, the contribution of 1s f π * transitions to the PS II XANES spectra should be negligible. The possibility of tyrosine ligands to the Mn cluster has been ruled out by site-specific mutagenesis experiments; 113 1-2 histidines, out of ∼24 total ligands to Mn, are ligated to the Mn cluster in the S 2 state. [114] [115] [116] There is no evidence from EXAFS spectroscopy for the binding of more histidine ligands in the S 3 state. If additional histidine binding occurred, histidine multiple-scattering features would appear in the Fourier transform of the S 3 -state EXAFS data; they are not present in the experimental spectra. 14,117 Therefore, the effects of aromatic ligands do not need to be considered in interpreting the XANES spectra of the S-states of the OEC.
Another possible ligand substitution or rearrangement is that Cl -, an essential cofactor for oxygen evolution, 118, 119 could be bound in the S 3 state and not in the S 2 state. This is consistent with 35 Cl NMR experiments by Preston et al. 120 and UV absorbance experiments by Wincencjusz et al. 121 which show that, in these preparations, Cl -is required for the S 2 f S 3 and S 3 f [S 4 ] f S 0 transitions, but not for the S 0 f S 1 and S 1 f S 2 transitions. Further evidence comes from EXAFS spectroscopy experiments on oriented PS II membranes in the S 3 state which show a Fourier peak at a distance of ∼2.2 Å from Mn. 122 On the basis of comparison to model compounds, this is consistent with Cl -binding to Mn in the S 3 state. 123 However, some experiments have been interpreted to suggest that Clbinds to the Mn cluster prior to the formation of the S 3 state. [124] [125] [126] [127] [128] [129] If Cl -were only to bind in the S 3 state, its effect on the Mn K-edge XANES spectrum of PS II can be estimated by examining data from sets of Mn model compounds with and without Cl -bound. Pizarro et al. 123 have examined sets of dimeric and trimeric Mn model complexes which are essentially identical except for the exchange of Cl -for oxygen-containing ligands. In the dimeric complex (two Cl -per two Mn), the edge shape changes somewhat when the Cl -ligands are replaced by an acetate bridge, but the 2nd-derivative IPE values are essentially unchanged. In the trimeric complex, which contains one Cl -per three Mn atoms, replacing Cl -with OH -causes even less of a change in the edge shape, and the 2nd-derivative IPE values are again quite similar. The effect on PS II is expected to be even less, because, if Cl -is bound to Mn in the S 3 state, the ratio would most likely be one Cl -to four Mn. Thus, it is unlikely that Cl -binding in the S 3 state could offset the effects of a hypothetical Mn oxidation during the S 2 f S 3 transition.
The most likely structural change occurring during the S 2 f S 3 transition is the modification of the di-µ-oxo bridges. This is based on EXAFS spectroscopic data from the S 3 state that show the Mn-Mn distances changing from 2.7 Å in the S 2 state to ∼2.8 and 3.0 Å in the S 3 state. 14,24 Although the distance increase is not enough to justify a conversion from a di-µ-oxo to mono-µ-oxo motif (a 3.3-3.6 Å Mn-Mn distance would be necessary 130 ), the effects of a modification of the di-µ-oxo bridges on the Mn K-edge XANES spectrum are well modeled by a series of Mn complexes in which the di-µ-oxo bridges of a dimeric Mn 2 (IV,IV) complex were successively protonated, which increased the Mn-Mn distance from 2.7 to 2.8 Å and 2.9 Å, respectively. 131 These complexes showed some changes in edge shape, but almost no change in edge position (2nd-derivative IPE values of 6553.5, 6553.2, and 6553.3 eV for 0, 1, or 2 µ-oxo bridge protonations, respectively) due to di-µ-oxo bridge protonation. It is therefore unlikely that a hypothetical oxidation-state change during the S 2 f S 3 transition could be masked by the lengthening of the Mn-Mn distances in the S 3 state, or any other plausible ligand substitutions or rearrangements. Therefore, we propose a ligand-centered oxidation for the S 2 f S 3 transition.
Summary of Mn Oxidation States in PS II. Implications for the Mechanism of Photosynthetic Water Oxidation. Recent EXAFS data on the S 3 state show a lengthening of the Mn-Mn distances relative to the S 2 state, with one 2.7 Å di-µ-oxo bridged Mn-Mn distance increasing to 3.0 Å. 14 To achieve a lengthening of Mn-Mn distances by 0.3 Å in di-µ-oxo bridged units, the bond strength of the µ-oxo bridges must be significantly decreased. This can be achieved by protonation or oxidation of the bridging oxygens. Protonation of both bridges is known to increase the di-µ-oxo Mn-Mn distance from 2.7 Å to ∼2.9 Å. 131 It is, however, very unlikely (and inconsistent with the external proton release pattern of PS II 13, 133 ) that protonation occurs when the complex becomes oxidized. Oxidation of one of the µ-oxo bridges is an even more drastic way to reduce the strength of the µ-oxo bridge than protonation, and would explain the experimentally determined 3.0 Å Mn-Mn distance in the S 3 state. Consistent with our previous proposal, 8, 14 we conclude that a µ-oxo bridge becomes oxidized in the S 3 state.
The presence of a radical in the S 3 state is supported by recent studies by Ioannidis et al. 134 comparing the reactivity of NO • toward the S 2 and S 3 states at 18°C. These studies showed that the S 3 state is reduced by NO • to the S 1 state five times faster than the S 2 state is reduced. This rate increase is especially significant given the 10-20× slower reactivity of other exogenous reductants in the S 3 state. 110 This is consistent with NO • Figure 10 . S-state scheme for oxygen evolution based on the proposal by Kok et al. 4 The proposed oxidation states of Mn in each of the S-states S0-S3 based on the results from K emission and XANES spectroscopy are shown. For the S3 state, it is proposed that the oxidizing equivalent is stored mainly on a direct ligand to Mn, most likely a µ-oxo bridge, and little of this spin density is present on Mn. The oxidation of a terminal ligand is less likely because of the observed lengthening of the Mn-Mn distances in the S3 state 14 (see text).
acting as a radical trapping agent and the S 3 state containing some radical character. The experiments with NO • also argue against a temperature-dependent redox equilibrium in the S 3 state (see Supporting Information). DFT calculations by Per Siegbahn provide additional support for the presence of a radical in the S 3 state. 135 These calculations show that it is energetically unfavorable to oxidize Mn during the S 2 f S 3 transition relative to the formation of a ligand radical in the S 3 state. Furthermore, this energetic preference only exists if the ligand radical is present as a µ-oxo bridge radical.
The data in this study are therefore best interpreted to show that a ligand-centered rather than a Mn-centered oxidation takes place during the S 2 f S 3 transition. On the basis of this result, the mechanistic proposals invoking a Mn oxidation during the S 2 f S 3 transition that were mentioned in the Introduction are highly unlikely.
The proposed µ-oxo bridge radical in the S 3 state can be rationalized in the context of any of several possible models for the OEC. It is important to emphasize that the spatial arrangement of the Mn atoms in the OEC is not definitively known. We have stated for some time 19 that several topological models (shown as A, E, F, and G in Figure 4 from DeRose et al. 19 ) are considered equally possible on the basis of EXAFS data. Although one of the possible topological models is shown in Figure 11 , similar mechanisms can be proposed using the other topological models, and should all be considered equally viable. Three different possibilities for the O-O bond formation in the S 4 state are shown in Figure 11A -C: (A) Upon the S 3 f S 4 transition, the neighboring µ-oxo bridge also becomes oxidized and the O-O bond is formed between the two µ-oxo radicals ( Figure 11A As mentioned in DeRose et al., 19 Cinco et al., 20 and Robblee et al., 16 other possible topological models exist for the OEC; similar mechanisms that can be proposed for each of these alternative topological models should be considered equally viable.
detected the presence of an asymmetrically hydrogen-bonded H 2 O molecule in the S 1 and S 2 states. 139 Although the former result is consistent with options A and B in Figure 11 and the latter result is consistent with options B and C, it is not directly known at the present time whether either of the aforementioned species participate in oxygen evolution. The formation of a µ-oxo bridge radical in the S 3 state in lieu of Mn oxidation could be viewed as the onset of water oxidation. Storing this radical on the µ-oxo bridge prevents premature O-O bond formation and possible release of reactive intermediates, which could damage the polypeptides of PS II.
aside from a lower signal-to-noise ratio, virtually identical to the difference spectra from the present study for each of the S-state transitions. Therefore, the study by Roelofs et al. provides strong support to the XANES spectra from the present study.
Iuzzolino et al. study: 53 In contrast to the data from Ono et al., 52 the raw data from Iuzzolino et al. qualitatively agree well with the data from the present study and the data from Roelofs et al. 49 In all three studies, a clear Mn K-edge shift is seen between the 0F and 1F spectra, while very little change in edge position is observed between the 1F and the 2F samples. In addition, the IPE of the 0F (S 1 ) sample from Iuzzolino et al. is essentially identical to the IPE measured in the present study. However, after deconvolution, Iuzzolino et al. find that the shift between S 2 -and S 3 -state spectra is of the same size or even larger (depending on the analysis method) than the shift between the S 1 and S 2 states; the opposite is true in the current study. A reasonable explanation for this "after deconvolution" discrepancy is that Iuzzolino et al. have used a double-hit parameter, 11-15%, that is too large; typical values of 2-5% are found with similar Xe flash lamps. 103, 142 The edge position of the S 3 state is especially sensitive to the double-hit parameter, because this factor determines what percentage of the S 0 state is subtracted from the 2F spectrum. Because the S 0 state has a far lower edge position than the S 3 state, even a small error in the S 0 -state population of the 2F sample has a significant effect on the calculated S 3 -state edge position. This uncertainty does not exist when a Nd:YAG laser is used for flash illumination, because these laser pulses are too short (nanoseconds) to cause multiple turnovers. In addition, the S 2 -state multiline EPR signal oscillation patterns achieved by Iuzzolino et al. are quite damped; therefore, many different fits to the S 2 -state multiline EPR signal oscillation patterns can be invoked, which creates considerable uncertainty in the subsequently deconvoluted S-state spectra. As detailed in the Supporting Information, it can be shown that, if a different deconvolution is used, a significantly smaller edge shift for the S 2 f S 3 transition compared to the S 1 f S 2 transition is obtained for the Iuzzolino et al. data. Therefore, the differences between the conclusions from Iuzzolino et al. and those from the current study appear to be largely due to an incorrect deconvolution by Iuzzolino et al. of their fairly damped S 2 -state multiline EPR signal oscillation pattern and, to a smaller extent, the use of the integral method for edge energy determination (vide infra).
Comparison of Different Methods for XANES Edge Energy Determination. Previous studies have used three different methods to calculate XANES edge energy positions for each S-state of the OEC. Ono et al. 52 used the energy at which the X-ray absorption is half its maximal value, known as the "half-height" method, in their study. To interpret changes in oxidation states with this method, the shape of the XANES spectrum should be unchanged during a comparison, which is not true for the S-state spectra (see Figure 2A ). This method is also highly sensitive to noise in the data, because it is a measurement at a single point and is affected by uncertainty due to noise at the top of the edge. In addition, the spectral information present in the 2nd-derivative spectra is absent with the half-height method.
Roelofs et al. 49 calculated the zero-crossing value of the 2nd derivative of the XANES spectrum ("2nd derivative" method) in their study. Although this method is sensitive to the width of the polynomial used for calculation of the 2nd derivative, several important advantages exist with this method: (a) it is insensitive to linear background subtraction and normalization, (b) it has been used successfully by several groups for 25 years to determine the oxidation state of metal ions in metalloproteins and model complexes (see Results), and (c) in addition to the edge position, detailed information on the edge shape is also provided. However, the width of the polynomial used for calculation of the 2nd derivative must be properly chosen to find an appropriate balance between the reduction of noise in the spectrum (at higher polynomial widths) and retention of spectral structure (at lower polynomial widths); the IPE value and shape of the spectrum are dependent on this choice, which is largely guided by analysis of model compound data. Roelofs et al. (and the current study) used a 6 eV width for the polynomial, which has successfully been used to analyze model compound data. 17, 73 Extensive model compound studies have shown that, without exception in our study of more than 13 sets of compounds, when Mn is oxidized by one electron in a set of Mn model compounds with similar ligands, the IPE shifts 1-2 eV to higher energy upon Mn oxidation, regardless of nuclearity. When the polynomial width is decreased to 3-4 eV, the noise envelope on the 2nd derivatives becomes significant, especially for the PS II data, making the IPE values unreliable.
Iuzzolino et al. 53 used an "integral" method in which the 1st-moment is calculated on the absorption axis between a chosen set of limits, and the X-ray energy value corresponding to the calculated 1st-moment absorption value is reported. Although this method is superior to the half-height method in that the value reported attempts to take into account the shape of the edge, the calculated value is highly dependent on the arbitrary choice of limits, particularly if the shape of the XANES spectrum changes during the comparison (vide infra). In addition, errors in normalization and background removal affect the reported values, and the spectral information present in the 2nd-derivative spectra is absent with the integral method. In most cases, use of the integral method with homologous sets of Mn model compounds in different Mn oxidation states shows trends which are similar to those seen when the 2nd-derivative method is used (6 eV polynomial width). However, when Mn Comparison of Mn K-edge XANES difference spectra of PS II samples in the S0, S1, S2, and S3 states from the present study (also shown in Figure 2B ) and from the work of Roelofs et al. 49 In each set of XANES difference spectra, the difference spectrum from the work of Roelofs et al. 49 is presented above the difference spectrum from the present study. The XANES difference spectra have been vertically offset for clarity.
